The magnetic torque of a high-quality PrFeAsO1−y single crystal has been investigated at temperatures from 10 K to 45 K in magnetic fields from 5 kG and 50 kG. We find that the superconducting anisotropy γ in PrFeAsO1−y can be approximated by γ = 1.08 + 0.0068T in all fields by employing the Kogan model. The reduced superconducting anisotropy in the PrFeAsO1−y crystal seems to be very promising in considering various high-Jc applications.
Since the discovery of superconductivity in LaFeAsO 1−x F x considerable progress has been made in determining the physical properties of the related materials [1] .
Those materials have been reported to reach an extreme high T c (55 K). An intriguing question at the earlier stage was to answer whether or not the superconductivity can be explained within the conventional BCS theory.
Later, considerable interests have been focused on the multi-band nature of superconductivity in Fe-oxypnictides. The four sheets of the Fermi surface give the superconducting nature coming from five Fe d orbitals, i.e., d 3z 2 −r 2 , d xy , d yz , d x 2 −y 2 , d xy [2] . For example, the possibility of fully gapped extended s ± state [3] has been proposed to occur based on the scheme of a simplified isotropic Fermi surface. Therefore, probing an anisotropy parameter γ in PrFeAsO 1−y is certainly a good measure to answer a question whether the superconducting dimensionality is lower or not compared to other high-T c superconductors. Recently, epitaxial high-quality Co-doped SrFe 2 As 2 thin films are reported to show a sharp superconducting transition by Hiramatsu et al. [4] . This success is also helpful to elucidate the dimensionality of the system by means of the transport measurements.
In this paper, we report the superconducting anisotropies of high-pressure synthesized PrFeAsO 1−y single crystals by means of the magnetic torque in various magnetic fields and temperatures [5, 6, 7] . Oxypnictides containing Ce 3+ , Nd 3+ , Sm 3+ , or Gd 3+ have very large magnetic moments coming from the odd num- * Electronic address: ishida@center.osakafu-u.ac.jp ber of 4f electrons, while oxypnictides containing La 3+ , Pr 3+ , Pm 3+ , or Eu 3+ are rather non-magnetic because of the even number of 4f electrons [8] . Thus, we chose a PrFeAsO 1−y single crystal as one of the existing iron arsenic superconductors to minimize an additional contribution to the magnetic torque in the superconducting state. The anisotropy parameter in anisotropic Ginzburg-Landau (GL) theory, γ ≡ m c /m ab , can be obtained by analyzing the magnetic torque curves. Actually, torque analyses typically yielded γ = 8 for YBCO, γ = 100 for BSCCO, and γ = 5 for MgB 2 . These superconductors are more or less exhibited the intrinsic vortex pinning when the applied field is in parallel to the superconducting layers [9, 10, 11, 12] . The high-T c cuprates are characterized by the extreme anisotropy as well as the nodal d-wave superconductivity. The magnetic torque theory for a single-gap superconductor given by Kogan has been very successful in explaining the anisotropy for those high-T c superconductors [10, 13, 14, 15] . However, it is noteworthy to mention that the single-band Kogan torque theory is not able to explain the magnetic torque of MgB 2 thoroughly. We have to take care of the two-band nature of the MgB 2 superconducting state to reproduce the torque curves precisely [16, 17, 18, 19, 20, 21] . It is plausible to speculate at a first glance that the ion arsenic superconductors are also of enhanced anisotropy because of their layered structures. Similarly to MgB 2 , PrFeAsO 1−y should take into account the multi-band nature, too. The anisotropy for an oxypnictide SmFeAsO 0.85 has been investigated by the transport method, where γ value is reported as large as 65 [22] . In this report, we intend to analyze the anisotropy γ in a high-quality PrFeAsO 1−y single crystal from torque measurements. The torque as a function of increasing as well as decreasing angle at 10 K in 30 kG. Good symmetry in the torque curve with respect to angle indicates that the single crystal consists of a single domain and is of the high-quality nature. There is no evidence for the intrinsic pinning [26] .
High-pressure synthesis is a powerful tool to grow iron arsenic superconductors. For example, NdFeAsO 1−y specimens were succefully grown by Kito et al. [5] . PrFeAsO 1−y single crystals with tetragonal ZrCuSiAs type structure have been synthesized under high pressure by using belt-type-anvil apparatus, of which the details will be published elsewhere by Ishikado et al. [23] . The lattice parameters of PrFeAsO 1−y was reported earlier as a = 3.985Å and c = 8.595Å [24] . The optimal doped PrFeAsO 1−y has T c = 51 K [25] while our crystal (#1) shows T c = 38 K by SQUID measurements (see Fig. 1 ).
We measured the torque of the single crystalline PrFeAsO 1−y (#3) as a function of the angle θ c between the applied field and the c-axis. The size of PrFeAsO 1−y crystal is 240×80 µm in ab plane and 25 µm in thickness. Figure 2 shows a raw torque curve of the PrFeAsO 1−y crystal in 30 kG at 10 K. The raw torque curve is very different from those for YBCO, BSCCO, and MgB 2 [9, 10, 11, 12] . In Fig. 2 , there are no sharp hysteresis peaks at 90 degrees coming from the intrinsic pinning in spite of its layered crystal structure [26] . The PrFeAsO 1−y torque coming from the normal state susceptibility is negligibly small compared to that in the superconducting state. Assuming the Bean critical state, a reversible torque τ rev (θ c ) can be obtained by
where τ inc (θ c ) and τ dec (θ c ) were measured as functions of increasing and decreasing angle, respectively. In Fig. 3 , we show the reversible torque curves of the PrFeAsO 1−y crystal in 50 kG (10 K), 30 kG (10 K), and 5 kG (7 K). The least-squares fittings of the reversible torque curves in 50 kG (10 K), 30 kG (10 K), and 5 kG (7 K) by means of the Kogan theory [13] . The shapes of the torque curves are rather sinusoidal coming from the three-dimensional nature of the superconductivity.
In the conventional three-dimensional anisotropic London model in the mixed state, an angular dependence of the reversible torque of an anisotropic superconductor is given by Kogan [13] as
where ǫ(θ c ) = (sin 2 θ c + γ 2 cos 2 θ c ) 1/2 , Φ 0 is a flux quantum, H c c2 is the upper critical field when the field is applied parallel to the c-axis (η ∼ 1), and V is a sample volume. A prefactor Φ 0 V /16πλ 2 of Eq. (2) is related to the effective carrier density in superconducting state. In Fig. 3 , we show the analyses of the torque curves, where the solid line is fitting curve by means of the Kogan model. The parameter ηH c c2 is estimated from high-field measurements for oxypnictides [22, 27, 28, 29, 30, 31, 32] . For simplicity, we assume the linear approximation of ηH c c2 = 1000(1 − T /T c ) to find out the essential feature of γ [33] . The temperature dependence of γ in the PrFeAsO1−y crystal at temperatures from 7 K to 28 K in magnetic fields from 5 kG to 50 kG. We obtain γ = 1.08 + 0.0068T by the linear-squares fitting to a linear line.
In Fig. 4 , the temperature dependence of the γ value is plotted in the different magnetic fields. We show that the prefactor Φ 0 V /16πλ 2 in 30 kG and 50 kG of τ rev in Fig. 5 . The values of critical temperature in 30 kG and 50 kG are estimated as 35.0 ± 1.4 K and 28.1 ± 0.2 K, respectively, by assuming linear temperature dependence of 
2 . Upon increasing temperature, the γ value rises from 1.1 to 1.3, and the field dependence of γ value is not so dependent on magnetic field from 5 kG to 50 kG. We note that the anisotropy of Fe-oxypnictide in fluorinedoped system is sometimes reported to be quite high [22, 35, 36, 37] , but it is in marked contrast with our present result γ ∼ 1.2. In Table I , the γ values reported in the literature are summarized for comparisons. In the case of FeAs-122 containing Fe−As bilayer regime, γ = 1.2 for high-quality Sr(Fe 1−x Co x ) 2 As 2 thin films [4] . γ = 1.5 for Ba(Fe 1−x Co x ) 2 As 2 single crystal [34] shows lower anisotropy as well as very high H c2 . High anisotropic nature in fluorine-doped Fe-oxypnictide indicates that F atom in RE−O layer (RE is rare-earth metal) can behave as some barrier against superconducting carrier transferring along c-axis. The γ value becomes higher as m c increases more. We consider that fluorinefree FeAs-1111 phase containing the PrFeAsO 1−y system is similar to FeAs-122 or FeAs-111 phase rather than fluorine-doped phase as far as the anisotropy is concerned. In addition, we interpret that the hopping effect of superconducting carrier in As 3p z orbital [38] plays a significant role in the origin of a smaller anisotropy in Fe−As layer system. We argue that not only the strongly entangled four band superconductivity but also the Fe−As bond interaction are essential to explain diminishing anisotropy in PrFeAsO 1−y . We consider that it is very interesting to investigate how the electronic anisotropy behaves in hole-doped layered iron arsenic superconductors.
In summary, the torque curves of the PrFeAsO 1−y single crystal have been measured systematically. The superconducting anisotropy of PrFeAsO 1−y is determined by analyzing the torque curves.
The temperature and field dependence of γ reflect that the Fe-oxypnictide superconductivity has the rather threedimensional isotropic nature of Fe-As layer network. We consider that this is good evidence for the multi-band superconductivity in Fe-oxypnictide. We find it surprising to have such a low anisotropy parameter γ even for a layered superconductor. However, it is noteworthy to mention that such a small anisotropic parameter in Fepnictides is preferential to ensure the intergrain connectivity, and the resulting high critical current density J c can be beneficial for the potential high-J c applications in various fields in the coming future.
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